The structural differences among different Gquadruplexes provide an opportunity for site-specific targeting of a particular G-quadruplex structure. 
INTRODUCTION
G-quadruplexes are four stranded DNA secondary structures that are hypothesized to be involved in key biological processes such as telomere maintenance and oncogene expression (1-3). G-quadruplex forming sequences are abundant in the promoter region of various proto-oncogenes like c-MYC (4), c-KIT (5), BCL-2 (6) etc. The 27-mer Gquadruplex forming sequence located in the nuclease hypersensitive element (NHE) III1 of the c-MYC promoter region is well studied (7) . It has been reported that this sequence exists in equilibrium between transcriptionally active forms (double helical and single stranded) and a silenced form (G-quadruplex) and regulates up to 90% of c-MYC transcription (8) . This 27-mer sequence contains five consecutive runs of guanines, with three runs composed of four guanines each and two runs composed of three guanines each (c-MYCPu27). However, only four runs of guanines are required to form G-quadruplex structure. It was reported that the predominant and biologically relevant G-quadruplex conformer of the c-MYC silencer element is a parallel-stranded G-quadruplex with 1:2:1 side loops (formed using the second, third, fourth, and fifth Gruns) (9) (10) . Small molecules that stabilize the specific c-MYC G-quadruplex structure can regulate expression of c-MYC oncogene at the transcriptional level (11) (12) (13) (14) (15) (16) (17) (18) . However, all G-quadruplexes contain G-quartets as a common structural feature, making it challenging to develop ligands selective for a particular G-quadruplex.
Most G-quadruplex ligands bind to the terminal Gquartet of G-quadruplex structures via end stacking mode. The groove (19) (20) (21) (22) (23) and intermediate regions of Gquadruplexes are different from each other, which may provide an opportunity to target a particular G-quadruplex structure. So far, very few ligands are reported to show selectivity among different G-quadruplex structures. In this work, we report the design and synthesis of novel thiazole peptides and the study of their interaction with four promoter G-quadruplexes (c-MYC, c-KIT1, c-KIT2, BCL-2) and a control duplex DNA. The interaction of these thia- zole peptides with G-quadruplexes has been investigated using Fo¨rster resonance energy transfer (FRET) melting analysis, fluorescence and NMR spectroscopic studies. Our results show that one molecule of thiazole peptide TH3 interacts with each of the terminal G-quartets and capping structures of 5 -and 3 -ends of c-MYC G-quadruplex. Subsequently, the downstream effect of TH3 has been investigated in human cancer cells using XTT assay, quantitative real time PCR (qRT-PCR), Western blotting, dual luciferase and flow cytometric assay.
MATERIALS AND METHODS

General materials
The general chemicals and labeled DNA sequences were purchased from Sigma-Aldrich. The detailed description of materials used in synthesis has been described in the supporting information section. The labeled DNA sequences of highest purity were purchased for best results. The typical cell culture reagents and the antibodies were purchased from Thermo Fisher Scientific and Merck Millipore, unless stated otherwise. The Annexin V-FITC kit for apoptosis assay was purchased from Life technologies. The c-MYC promoter (Del4) was a gift from Bert Vogelstein (Addgene plasmid # 16604). The BCL-2 luciferase plasmid LB322 (BCL-2 from ATG to -3934) was a gift from Linda Boxer (Addgene plasmid # 15381). The renilla luciferase plasmid pRL-TK was a gift from Dr Susanta Roychoudhury, Indian Institute of Chemical Biology, Kolkata. The dual luciferase reporter assay kit was purchased from Promega.
Synthesis of thiazole peptides
Thiazole peptides ( Figure 1 ) were synthesized using sequential amide bond formation and outlined in Schemes S1-S7 (Supplementary Information). The detailed synthesis and characterization are described in the supplementary information.
FRET melting analysis
FRET melting assay using ligands TH1-TH3 were carried out in a 96-well format on a real-time PCR apparatus (Roche LightCycler ® 480 II) (24) . Dual labeled DNA sequences with a donor fluorophore 6-carboxyfluorescein (5 -FAM) and an acceptor fluorophore 6-carboxytetramethylrhodamine (3 -TAMRA) were used for the study.
• 
200 M stock solutions of peptides TH1-TH3 were prepared in 60 mM potassium cacodylate buffer, or 100 mM KCl, 10 mM Tris•HCl buffer, pH 7.4. Dual labeled oligos were diluted from stock to a concentration of 400 nM in the same buffer. The diluted samples were annealed by heating to 95
• C for 5 min followed by gradual cooling at 25
• C and incubated overnight at 4
• C. Sample solutions were prepared in a 96-well plate (100 l final volume) by mixing pre-annealed DNA (at 200 nM final concentration) with peptides (1.0 M final concentration) in respective buffer (60 mM potassium cacodylate, or 100 mM KCl, 10 mM Tris•HCl buffer, pH 7.4). After 1 h incubation, measurements were made in triplicate with excitation at 483 nm and detection at 533 nm. Final analysis of the data was carried out using OriginPro 8.0 (OriginLab Corp.). The detailed procedure for FRET analysis has been included in the supplementary information.
Fluorimetric titration
Fluorescence spectra were recorded on a Horiba JobinYvon Fluorolog instrument at 25
• C in a thermostated cell holder using quartz cuvette of 1 cm path-length. The DNA sequences used in the study are described in the supplementary information. Briefly, DNA sequences were preannealed in Tris-KCl buffer (100 mM KCl, 10 mM Tris•HCl, pH 7.4). Peptides (TH1, TH2 and TH3) were diluted in filtered and degassed Tris-KCl buffer to a final concentration of 2 M. Peptide solutions were titrated with the pre-annealed DNA sequences and the emission was recorded from the range of 315-600 nm ( ex = 300 nm). The recorded spectral data was used to determine the dissociation constant of the ligands for quadruplexes using the Hill-1 formula:
F is the fluorescence intensity, F max is the maximum fluorescence intensity, F 0 is the fluorescence intensity in the absence of DNA and K d is the dissociation constant. 
Cell culture
Human cervical cancer cells (HeLa) and human alveolar basal epithelial cancer cells (A549) were obtained as monolayer culture from the National Centre for Cell Science (NCCS), Pune and cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with D-glucose, Lglutamine, penicillin-streptomycin (Invitrogen) and 10% fetal bovine serum (Gibco). HeLa cells were seeded in 6-well plates at a concentration of 1 × 10 5 cells per well and incubated at 37
• C in 5% CO 2 incubator to obtain >70% confluency before treatment. Then the cells were treated with ligands and incubated under the same conditions for another 24 h and were harvested for further analysis.
Cell cytotoxicity assay
Cancer Cells (HeLa and A549) and Normal Kidney Epithelial (NKE) were seeded in a 96-well plates (1 × 10 3 cells/well) and exposed to various concentrations of peptides TH2 and TH3 (Control, 0. • C. The absorbance was directly recorded at 450 nm by an automated microplate reader (Thermo Fisher Scientific). All experiments were performed in parallel and in triplicate, and the IC 50 values were derived from the linear regression parameters using OriginPro 8.0 (OriginLab Corp.).
RNA extraction and qRT-PCR
After HeLa and A549 cells were treated with peptides TH2 and TH3 (2.0 and 5.0 M) for 24 h, the total RNA was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. The RNA was quantitated using a Cary Win 300 UV-Vis spectrophotometer and the total RNA was used as a template for reverse transcription using a Verso cDNA synthesis kit (Thermo Fisher Scientific) according to the protocol supplied. The mixtures were incubated at 42
• C for 30 min for reverse transcription and then at 95
• C for 2 min followed by incubation at 4
• C. Afterward, PCR reactions were performed in a Light Cycler ® 480 II (Roche) apparatus. A total volume of 20 l qRT-PCR reaction mixture was prepared containing 10 l of SYBR green Jump Start Taq Ready Mix (Sigma) reagent, 1 l each of the forward and reverse primers (500 nM), 2 l of cDNA (200 nM) and nuclease-free water to make up the volume. Cycle conditions were as follows: pre-incubation at 95
• C for 10 min, followed by 40 cycles of 95
• C for 15 s, 60
• C for 60 s, then hold at 37
• C for 2 min. The primer sequences used for qRT-PCR are:
We used the comparative cycle threshold method (C T method) for relative quantification of gene expression. Further details have been included in supplementary information.
Western blot analysis
HeLa cells were treated with peptide ligands TH2 and TH3 (2.0 and 5.0 M) for 24 h and subsequently, cells were lysed with cold cell lysis buffer (25 mM Tris, 150 mM NaCl, 1 mM EDTA in 1% Triton X-100 and 5% glycerol). Cell lysates were collected and the total protein content was estimated by the Lowry method (30) . An aliquot of 70 g of protein extract was loaded in each lane and separated in a 10% SDS-PAGE gel and electroblotted in 48 mM Tris, 39 mM Glycine, 20% methanol and 0.02% SDS on a nitrocellulose transfer membrane. Membrane was then blocked with 4% BSA in 1× TBS and 0.1% TWEEN ® 20, washed and probed using antibodies directed against c-MYC, BCL-2 and GAPDH (endogenous loading control) overnight at room temperature. Blots were then washed and incubated with (i) 1:2000 dilution of ALKP conjugated secondary antibody (for c-MYC) (Life technologies), (ii) 1:2000 dilution of HRP secondary antibody (for GAPDH) (Life technologies) and (iii) 1:2000 dilution of HRP secondary antibody (for BCL-2) for 2 h at room temperature. Binding signals were visualized with NBD/BCIP substrate. Relative band intensities were determined by using ImageJ software.
In situ mutagenesis, transfection and dual luciferase assay
The Del4 luciferase reporter plasmid (Addgene plasmid # 16604) was mutagenized by using the Quick Change Site directed Mutagenesis kit (Agilent Technologies, CA, USA) with the following primers:
Exponentially growing HeLa cells in DMEM media supplemented with 10% FBS were seeded in a six-well plate. The plasmid used for transfection was Del4 which harbors the 22-mer c-MYC G4 forming sequence in the P1 promoter upstream of the luciferase reporter (Addgene). Del4 mutant plasmid containing mutated G4-forming sequence was used as control. The G4 forming sequences upstream of luciferase reporter gene in the plasmids used in the current study are as following:
500 ng plasmid was transfected in HeLa cells growing at >70% confluency using Lipofectamine 2000 as per manufacture's protocol. After 6 h of transfection, cells were washed with PBS and fresh media was added. Cells were treated with peptides TH2 and TH3 (2.0 and 5.0 M) for 24 h. Then cells were lysed with Cell Culture Lysis Reagent (CCLR) buffer with continuous pipetting at 48
• C for 30 min. The homogenate was centrifuged for 5 min at 10,000 g. The supernatant is used for protein estimation by Lowry method (30) . Luciferase assay was performed in Orion Microplate Luminometer (Berthold Detection System) for three biological replicates and luciferase activity was normalized by total protein concentration.
Cell cycle analysis
Cell cycle analysis was carried out using propidium iodide (PI) staining by flow cytometry. HeLa cells (1 × 10 6 ) per 60 mm petridish (∼80% confluence) were treated with TH3 (2.0 and 5.0 M) for 24 h in fresh growth medium. Cells were harvested by trypsinization, resuspended in PBS and fixed with 2 ml of ice-cold 70% ethanol for overnight at 4
• C. The pellets were collected by centrifugation and resuspended in PBS solution, containing 10 g/ml PI (Sigma) and 10 g/ml RNase A (Sigma). After incubation for 30 min in the dark at 37
• C, cells were analyzed for DNA content using a FACS flow cytometer (BD Biosciences). Cell distribution among cell cycle phases were evaluated using Cell-Quest Pro software (BD).
Flow cytometric determination of apoptosis
Annexin V-FITC and propidium iodide (PI) were used to determine the percentage of cells undergo apoptosis and necrosis. Briefly, 1 × 10 6 HeLa cells per 60 mm Petridish (∼80% confluence) were treated with peptide TH3 (2.0 and 5.0 M) for 24 h in fresh growth medium. Cells were harvested with trypsinization and centrifuged at 700 rpm for 5 min at 4
• C. Cell pellet was suspended in 500 l 1× binding buffer and then treated with 5 l Annexin V-FITC and 2 l PI. After incubation for 5 min on ice, each sample was analyzed immediately using fluorescence-activated cell sorter (FACS) analysis (BD Biosciences,Mountain View, CA, USA). Approximately 10 000 HeLa cells were detected for each sample. Cytogram analysis was done using the CellQuest Pro software.
Fluorescence microscopy
Cellular localization of thiazole peptide TH3 was monitored by cell imaging. HeLa cells were seeded on glass cover slips placed in 12-well cell culture plates for 24 h followed by incubation with TH3 (5.0 M) for 2 h in CO 2 (5%) incubator at 37
• C. After incubation, cells were washed with PBS buffer three times and the cover slips were mounted on glass slides using NucRed (1:1 solution in PBS) and localization of TH3 was viewed under (Olympus IX 81 Confocal Laser Scanning Microscope). At least five fields per slide and three independent sets were examined.
RESULT AND DISCUSSION
Design of thiazole peptides
The five-membered thiazole heterocycle, derived by enzyme-mediated post-translational modification (31-33) of natural amino acid residues is present in numerous cyclic peptides (34-39) that exhibit pharmaceutically useful biological activities. The thiazole moiety is also present in antitumor drugs like bleomycin and tiazofurin (40) . Telomestatin, one of the potent G-quadruplex binding ligands contains seven oxazole rings and one thiazoline ring system (41) . Inspired from Telomestatin, numerous oxazole macrocycles have been developed for targeting DNA G-quadruplexes (39, 42, 43) . The observation that the triazole containing distamycin and netropsin interacts with DNA minor groove by hydrophobic interaction has led to the development of other selective DNA groove targeting ligands (35) . However, distamycin has also been reported to bind to G-quadruplex by specific stacking interaction with terminal G-quartets (44) . Interestingly, a 4:1 (ligand:DNA) stoichiometry was reported in both models.
We have anticipated that thiazole peptides, capable of adopting crescent shape, may selectively interact with a particular G-quadruplex. The detailed synthesis of the thiazole peptides (TH 1-3) has been described in the supporting information ( Figure 1 and Supplementary Figure S1 , Scheme S1-S7). Peptide TH1 contains two thiazole rings whereas peptide TH2 contains two thiazole rings and a triazole ring. In peptide TH3, three thiazole rings are connected through amide bonding. To understand the difference in three dimensional structure of TH2 and TH3, energy minimized structures of TH2 and TH3 were obtained with Gaussian 03 using DFT (Density functional theory) analysis B3LYP/6-31+G(d) level (Supplementary Figures S2 and S3 ). Unlike TH2, the HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular orbital) orbitals of TH3 are non-overlapping, distributed over a larger area. Therefore, effective conjugation of -electrons is expected in peptide TH3. On the other hand, the presence of an additional -CH 2 linker between thiazole and triazole moieties in peptide TH2 inhibits the -electron delocalization and provides flexibility to form distorted structure. In comparison, TH3 exists in planar crescent shape as the pep- tide linkages are less flexible due to their partial double bond character and able to mediate effective -conjugation. The HOMO-LUMO energy difference values, calculated for peptides TH2 and TH3 were 6.8 and 6.5 eV, respectively. In this study, thiazole peptides (TH 1-3) having different length and three dimensional structures have been investigated as G-quadruplex targeting ligands for chemical regulation of oncogene expression and anticancer therapeutics.
Quadruplex specificity of thiazole peptides
The ability of thiazole peptides to distinguish between quadruplexes was examined by FRET melting assay and fluorimetric titration experiments. We have used four dif- • C) for quadruplexes, it could increase the melting temperature of hairpin DNA ( T m = 11
• C) ( Figure 2 , Table 1,  Supplementary Table S1 ). Tripeptide TH3 exhibited a high stabilization potential for the c-MYC14/23 G-quadruplex ( T m = 22
• C) compared to dipeptides TH1 and TH2 at 1.0 M ligand concentration (5.0 equiv. with respect to DNA). It is further interesting to note that TH3 (1.0 M, 5.0 equiv.) could preferentially stabilize the c-MYC14/23 Gquadruplex ( T m ∼ 22
• C) over the c-KIT1, c-KIT2, and BCL-2 quadruplexes ( T m ∼ 7 -9
• C). In addition, TH3 did not alter the T m value of hairpin DNA.
Next, the FRET melting analysis of promoter quadruplexes and hairpin DNA was carried out with incremental addition of TH3 (0-10 M) ( Figure 2B) . A maximum T m value of 22 ± 1
• C (i.e. a T m of 92 • C) was observed for the c-MYC14/23 in the presence of 1.0 M TH3 (Figure 2B) , whereas 5-7 fold higher concentrations of TH3 was required to attain similar T m values ( T m = 22
• C) for c-KIT1, c-KIT2 and BCL-2 suggesting its high affinity towards the c-MYC14/23 quadruplex. TH3 (1.0 M) could stabilize c-MYCPu27 with a T m value of 21 ± 1
• C (i.e. a T m of 91
• C) (Supplementary Figure S4) . In addition, peptide TH3 does not significantly alter the melting temperature of hairpin DNA even at 10.0 M ligand concentration (50.0 equiv.).
A FRET competitive experiment was performed to evaluate the selectivity of TH3 for the c-MYC G-quadruplex over double stranded DNA (Supplementary Figure S5) . Figure S5) . Figure 3 ) was investigated using fluorescence spectroscopy. Peptides TH1, TH2 and TH3 exhibited a single broad band with an emission maximum at 430 nm, when excited at 300 nm ( abs = 300 nm) in buffer solution (10 mM Tris•HCl, 100 mM KCl, pH 7.4) (Figure 3 Table 1 ). The Job's plot analysis revealed that the TH3 binds to the c-MYC14/23 G-quadruplex with a 2:1 stoichiometry (Supplementary Figure S12) .
Fluorimetric titrations. The interaction of thiazole peptides with G-quadruplexes (c-MYC, BCL-2, c-KIT1 and c-KIT2) and ds26 (
Moreover, ligands TH1 and TH3 exhibited negligible changes in fluorescence intensities upon addition of 4 equiv. ds26 duplex DNA. However, an increase in fluorescence intensity of TH2 was observed in the presence of ds26 (K d = 0.9 M) indicating its high binding affinity for the ds26. These results indicate that thiazole tripeptide TH3 binds more strongly to quadruplexes than dipeptides TH1 and TH2. Furthermore, TH3 binds to the c-MYC with high specificity over other quadruplexes and ds26. Figures S14 and S15) . The sequence c-MYCPu27 is known to form a mixture of G-quadruplex conformations with different loops (45) and the imino pattern in the 1D 1 H NMR spectrum is very broad and not suitable for a detailed NMR assignment. Only minor changes could be observed on the 1D 1 H NMR spectrum of c-MYCPu27 DNA after ligand addition and none of the various conformations seemed to be stabilized by TH3 (Supplementary Figure S13) . The c-MYC14/23 G-quadruplex mutant forms a defined G-quadruplex structure that has been characterized by Yang et al. (PDB: 1XAV) (10) . The effect of DMSO on the G-quadruplex formed by the sequence c-MYC14/23 G-quadruplex has been previously discussed (46) and the assignment for the target DNA has been transferred from Yang et al. (10, 11) . Clear changes in the 1D 1 H spectrum upon addition of the ligand to the G-quadruplex formed by the sequence c-MYC14/23 were detected. Upon addition of 0.25 eq. of TH3, strong line broadening was observed for all the imino signals ( Figure 4A In the literature, different binding modes to Gquadruplex have been proposed for distamycin A, structurally related to TH3. Maizels and co-workers observed a 4:1 stoichiometry with two molecules binding to each of the two external tetrads (44) . Randazzo and co-workers reported that distamycin A binds as a dimer to the grooves of a tetramolecular G-quadruplex with a 4:1 stoichiometry (47, 48) .
CSP analysis. In order to gain an insight into the binding mode of TH3, 2D 1 H, 1 H-NOESY and 2D 1 H, 13 C-HSQC have been recorded for the assignment of the Gquadruplex in complex with TH3 (Supplementary Figures  S18-S19) . However, the signals of the ligand in the bound form could not be detected and no NOE intermolecular crosspeaks could be observed under the experimental conditions used in our studies. Therefore, the chemical shift perturbations (CSPs) after ligand binding have been analyzed in detail. The assignment of the complex used for CSP calculation (Supplementary Equation S2) is shown in Figure 5A with black labels, while the assignment of the G-quadruplex alone is in gray labels. The combined CSPs (Supplementary Table S4 Figure S16 ) after transferring in buffer during the titration. These aggregated species do not interact with the DNA (Supplementary Figure S17) mentary Figure S21A ), where the nucleobases were colored according to three different categories: non or hardly shifted (CSP ≤ 0.1, gray), moderately shifted (CSP = 0.1-0.2, blue) and strongly shifted (CSP > 0.2, red).
The nucleobases with the strongest CSP (red color code) are located at the 3 -and 5 -ends (A3, G8, G15, G17, A21 and A22) of the G-quadruplex structure. The lack of ligand signals in the bound state does not allow us to determine whether the ligand interacts with the 3 -and 5 -capping structures, with the terminal G-quartets or it is sandwiched between both of them. According to the CSP analysis together with the titration monitored by 1D
1 H spectra point- Figure S22) .
Structure-activity relationship
The differences in 3D structures of peptides TH 1-3 may provide the rationale behind their differential affinity towards different G-quadruplexes. Out of these three peptides, only TH3 exist in planar crescent structure due to extended -electron conjugation between three thiazole moieties (Supplementary Figure S3) . Owing to the lack of extended -electron conjugation in TH1 (only two thiazole moieties present) and TH2 (additional -CH 2 present between thiazole and triazole moieties), they do not exhibit the planar crescent structure. As a result, their recognition sites in a G-quadruplex structure is expected to be different. Although the G-quadruplex structures (c-MYC14/23, c-KIT1, c-KIT2 and BCL-2), used in this study exist in parallel topology, the intermediate loop sequences and flanking regions (capping structures) are quite different (Supplementary Figure S21) . A close inspection of these structures indicates that c-MYC14/23 G-quadruplex contains AT-rich capping structures at both 5 and 3 ends, which are absent or truncated in other G-quadruplexes. The presence of extended planar structure of TH3 promotes higher stacking interaction with the terminal G-quartets compared to TH1 and TH2. In addition, the NMR analysis shows that the peptide TH3 interacts with the AT-rich 5 and 3 ends of c-MYC G-quadruplex structure. These capping structures are unique in c-MYC G-quadruplex structure, which may be the reason for the observed selectivity of peptide TH3 towards c-MYC G-quadruplex over other G-quadruplexes.
Ligand dependent c-MYC expression in cancer cells
Since TH3 was found to be a selective ligand for targeting c-MYC G-quadruplex structure over other promoter G-quadruplexes, the influence of TH3 on the c-MYC gene expression was evaluated using qRT-PCR analysis, western blot and dual-luciferase assay. For a comparison, the influence of a less potent G-quadruplex binder, TH2 on the c-MYC gene expression was also investigated. to control cells, treated with 0.1% DMSO), whereas TH2 exhibited a small change in the c-MYC mRNA expression (0.72 fold, i.e. 28% decrease) relative to the control cells (treated with 0.1% DMSO). When 18S rRNA was used to normalize gene expression, similar results were obtained; the c-MYC mRNA levels were reduced to 0.7 fold and 0.3 fold by TH2 and TH3, respectively. We have also monitored the c-MYC mRNA profiles upon treatment with peptides TH2 and TH3 in human alveolar basal epithelial cancer cells (A549) with respect to control GAPDH and 18S rRNA. The results show that TH2 and TH3 could reduce the c-MYC mRNA levels to ∼0.8-and ∼0.25-fold (i.e. decrease by 20% for TH2 and decrease by 75% for TH3), respectively relative to the control cells ( Supplementary Figure S24 ). In addition, the effect of peptides TH2 and TH3 was also studied on the expression of another G-quadruplex forming BCL-2 oncogene. Interestingly, TH2 and TH3 did not induce any significant change in BCL-2 mRNA (<25%) expression ( Figure 6B ). Furthermore, TH2 and TH3 did not essentially alter the mRNA levels of GAPDH and 18S rRNA. These results suggest that TH3 inhibits the c-MYC transcription with three fold higher efficiency than TH2 and further, both these peptides do not alter the expression of housekeeping genes.
Western blot. Western blot analysis was carried out to examine the effect of peptides TH2 and TH3 on the translation of c-MYC in HeLa cells ( Figure 6C ). Consistent with the qRT-PCR results, the densitometric analysis showed that TH2 and TH3, at 5.0 M concentration, reduced the c-MYC protein levels by ∼27% and ∼56%, respectively (Figure 6D ), compared to the control cells. Importantly, the treatment of peptides TH2 and TH3 did not significantly alter the BCL-2 gene expression at protein level (<25%) (Supplementary Figure S25 ). Furthermore, the protein levels of housekeeping GAPDH gene remained unchanged upon treatment with TH2 and TH3. These results along with the qRT-PCR analysis indicate that the tripetide, TH3 is more potent in reducing the c-MYC expression compared to the dipeptide TH2.
Dual-luciferase assay. In order to investigate the effect of these peptides (TH2 and TH3) on the c-MYC gene expression, the dual-luciferase reporter assay was carried out (Figure 6E) . The assay was performed using two reporter vectors containing (i) wild-type c-MYC G-quadruplex forming sequence in the upstream region of firefly luciferase coding gene (Del 4) and (ii) non G-quadruplex promoter sequence in the upstream region of renilla luciferase gene (pRL-TK). These two vectors were co-transfected into HeLa cells with subsequent treatment of 5 M TH2 or TH3. Owing to the absence of G-rich sequence in pRL-TK, the Renilla luciferase expression was unaffected by the peptides. The expression of c-MYC firefly luciferase was normalized relative to the Renilla luciferase expression. Our results suggest that peptide TH3 decreased the wild-type (WT) c-MYC promoter-linked luciferase expression by 52%, relative to the untreated sample ( Figure 6E) . However, only a small change in the WT-c-MYC luciferase expression was observed upon treatment with TH2 (Supplementary Figure  S26) .
To further validate our results, the effect of TH2 and TH3 on c-MYC firefly luciferase vector containing a mutated G-quadruplex promoter sequence (Mut-c-MYC) was also investigated (Supplementary Figure S26) . Interestingly, we did not observe any notable change in Mut-c-MYC firefly luciferase expession upon treatment of TH2 and TH3 compared to the untreated control cells. In addition, TH3 did not show any significant changes in the expression of reporter vector containing other promoter G-quadruplex forming sequences such as BCL-2 (LB322 plasmid, Figure 6F) . These results indicate that TH3 downregulates c-MYC expression by directly targeting the c-MYC promoter quadruplex in cancer cells.
Antiproliferative activity of thiazole peptides in cancer cells
Cell cytotoxicity assay. As thiazole derivatives exhibit anticancer activities (49, 50) , we have evaluated the ability of thiazole peptides TH2 and TH3 to inhibit the growth of cancer cells. The growth inhibitory activities of peptides TH2 and TH3 for HeLa and A549 cancer cells as well as for normal human kidney epithelial cells (NKE) were investigated using XTT assay (Thermo scientific) ( Supplementary  Figures S27 and S28 ). Cells treated with 0.1% DMSO was used as control. TH3 exhibited an IC 50 value of 3.8 ± 0.6 M for HeLa cells and 3.2 ± 0.4 M for A549 cells, whereas TH2 showed significantly higher IC 50 values of 17.6 ± 2.8 M and 15.8 ± 2.2 M for HeLa and A549 cells, respectively. Comparatively, both ligands TH2 and TH3 exhibited negligible cytotoxicity for normal cells (IC50 ≥ 50 M).
Cell cycle analysis. Flow cytometric analysis was conducted to examine whether the inhibitory effect of ligand TH3 in HeLa cell proliferation was associated with cell cycle arrest ( Figure 7A ). The analysis of cell cycle histograms revealed an arrest in S phase population (22.4-38.1%) upon treatment with 5.0 M TH3. The observed growth arrest in the S phase (Synthesis phase) by TH3 indicates that it induces growth inhibition in HeLa cells.
Annexin V-FITC/PI apoptosis assay. The mode of cell death induced by peptide TH3 was investigated by flow cytometry using Annexin V and PI dual staining assay ( Figure  7B ). HeLa cells were treated with various concentration of TH3 (2.0 and 5.0 M) for 24 h. The analyses of dot-plots show a dose dependent increase in the population of late apoptotic cells from ∼3.8% to ∼27.2% at 5.0 M concentration of TH3. However, the population of necrotic cells decreases from ∼2.8% to ∼1.3% relative to the control cells (treated with 0.1% DMSO). These results indicate that Gquadruplex binding peptide TH3 causes cancer cell death by inducing apoptosis.
Cell imaging using thiazole peptides. Fluorescence microscopy was employed to examine the cellular internalization and localization of TH3 ( Figure 7C ). HeLa cells were treated with TH3 (5.0 M) for 2 h, and the fluorescence microscopic images were taken. The merged image shows that TH3 localizes inside the nucleus. These results suggest that ligand TH3 is cell membrane permeable and it binds to the cellular DNA.
CONCLUSION
In summary, we have synthesized novel thiazole peptides and demonstrated that a thiazole tripeptide, structurally related to distamycin A, selectively binds to c-MYC quadruplex over other investigated G-quadruplexes and duplex DNA. Intriguingly, NMR analysis suggests that two molecules of this crescent-shaped tripeptide bind to two terminals of c-MYC quadruplex; one molecule binds to the 5 -end and another one at the 3 -end. More importantly, the tripeptide significantly inhibits the transcription of the c-MYC oncogene by a quadruplex dependent mechanism. Since structurally related natural product distamycin derivatives are known as DNA binding ligands, the insights gained from this study would inspire the development of structural mimics of natural products for site-specific targeting of DNA structures.
